Abstract-The standard handbook values for dielectric breakdown strength of necessity come from accelerated test methods. In some cases, the breakdown voltage may vary significantly with voltage ramp rates; therefore, a theoretical model for the ramp-rate dependence of breakdown is needed to extrapolate from realistic tests to long-duration material service lifetimes. Series of step-up to breakdown tests were performed for ramp rates from 0.5 to 500 V/s for biaxially-oriented polypropylene (BOPP), low density polyethylene (LDPE), and polyimide (PI) films. The data were fit with standard empirical methods, as well as two physics-based defect-driven models. Empirical models can be fit to a given data set; however, they offer little-if any-physical insight. Voltage ramp rate can, in some materials, significantly affect the breakdown field. However, the physical models, one of which was successful in describing preliminary data, were shown to be inadequate for the other materials tested.
I. INTRODUCTION
Handbook values for materials' dielectric breakdown strength of necessity come from accelerated test methods. DC Voltage ramp rates for dielectric strength tests values are recommended to as high as 500 V/s [1] . When designing applications of dielectric materials, one can either assume the large differences frequently observed between test and application conditions are of negligible consequence or rely on extrapolation using standard empirical models [2] . However useful empirical models may be, physical models allow for greater conceptual understanding of the problem at hand. Empirical models are also less amenable to extensions to unknown materials.
In previous studies, we have proposed models of the ramp rate dependence of breakdown together with some preliminary data and practical considerations [3, 4] . The current study compares two standard empirical models and two proposed physical models to series of DC breakdown tests in four polymeric insulators-namely, Kapton E and Kapton HN (polyimide, PI) [5, 6] , biaxially oriented polypropylene (BOPP) [7] , and lowdensity polyethylene (LDPE) [8, 9] .
II. Models of Ramp-Rate Dependence

A. Constant Model
The simplest assumption is that a material's breakdown electric field strength, , does not vary significantly with voltage ramp rate [2] . Indeed, this is the ideal case since, if valid; it follows that the results of (reasonably) accelerated tests will be appropriate for any application. Explicitly this is = 0 .
(1)
B. Empirical Model
Dissado and Fothergill discuss a three parameter model for the ramp rate dependence of breakdown derived from probabilistic rather than physical considerations [2] :
They mention that in some cases + may be at least an order of magnitude larger than , which is often close to unity, essentially reducing (2) to (1) . If the two empirical parameters and are constrained to be positive, this model predicts that slower ramp rates tend to have lower breakdown fields. The example they give predicts ~20% change in breakdown voltage by increasing the ramp rate of 1.1 kV/s by about a factor of five. However, they note at very low ramp rates that (2) fails and there can be a significant shift to higher breakdown fields [2] .
C. Simplified Physical Model
Charge transport and dielectric breakdown is driven by the spatial and energetic distribution of defects in a material. In highly disordered insulating materials, one cannot completely describe these potentially dynamic defect distributions and the stochastic motion of charges through them in an analytic way; thus, the use of simplifying assumptions in necessary. Perhaps the simplest assumption is the mean field theory proposed by Crine, which assumes only a single average defect energy, ∆ , and defect density, [10] . Given these assumptions the probability of breakdown after a time ∆ under an electric field , is
where (∆ , ) = and is Boltzmann's constant, ℎ is Planck's constant, 0 and are the vacuum and relative permittivity, and is the temperature. Let us assume breakdown field is a function of ramp rate and that the ratio of probabilities of breakdown at different ramp rates is the same as the ratio of two ramp rates.
By defining one of these ramp rates, 0 , to be 1 (i.e., setting a unit of ramp rate as 1 V/s), one can arrive at the following simplified model [4] :
where
This simplified physics model is convenient in that it only depends on the ramp rate and one material constant,
. Like the empirical model (with positive and ), this model predicts that at lower ramp rates, the breakdown field decreases. For example, a ramp rate of 100 0 is greater than ( 0 ) by a factor of ~2.45. Also, at some slow ramp rate (4) must break down, as does (2), since it does not make sense for ( ) → 0 as → 0.
D. Stochastic Physical Model
In order to include the effects of the ramp up process of the experiments used to test these models, consider that the probability of breakdown is related to the product of the probability of surviving many consecutive voltage steps in time [3] ,
This assumes that breakdown during each voltage step in the ramp to breakdown is independent of the other steps. Unlike the models discussed above, ∆ and ∆ appear in (5) in such a form that one cannot isolate the breakdown voltage (or field) as a function of ramp rate. However, a simple numerical scheme could iteratively calculate either the ∆ or ∆ (holding the other constant) needed to achieve a specified probability of breakdown. This model predicts significantly lower breakdown fields for materials with slower ramp rates [3] , in agreement with the empirical model (assuming the two empirical parameters and are constrained to be positive) and the simplified physical model. For example, given material constants from LDPE, assuming a 50% likelihood of breakdown ( = 0.5), the characteristic breakdown voltage increases by a factor of ~1.75 by increasing the ramp rate from 1 V/s to 100 V/s.
III. Results
Test samples of ~25 µm thickness were broken down with a modified parallel plate geometry ASTM method in vacuo [1, 3, 11] . To avoid contamination, each sample was cleaned, vacuum baked, and stored in dry N2 before use [12] . Voltages were increased stepwise until breakdown for each test. The voltage ramp rate was altered primarily by adjusting the size of voltage step used. Several breakdowns were recorded at each ramp rate tested for each material. 
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The starting point for this study was existing data from our early experiments on Kapton E that we had found to follow Eq. (4) reasonably well [3, 4] . These data were reanalyzed to match the custom IgorPro analysis methods used in analyzing our newer data from tests on Kapton HN, BOPP, and LDPE [13] . For these three additional materials, the assumption that the breakdown field is constant, independent of ramp rate, is not a bad model. For each of these data sets, allowing the fitting parameters and of the empirical model to be negative results in reasonable fits as well. Surprisingly, this would predict slightly lower breakdown fields with increasing ramp rate. It should be noted that the uncertainties in and are much larger than the best fit values, effectively reducing the empirical fits to constants. For these three materials, both the simplified physical model and the stochastic model are poor fits to the data.
The stochastic model did not provide a good fit to any of the data, using standard least squares fitting routines. In each case, the modified IgorPro fitting software returned the error, "there may be no dependence on these parameters." We were able to obtain fits with the stochastic model by restricting the data fit to those tests where the time step ∆ =4 sec was held constant, as shown in Fig. 1 .
IV. Conclusions
Given the success of the simplified physical model with our preliminary tests in Kapton E, it was surprising that subsequent data of Kapton HN, BOPP, or LDPE did not agree with the simplified physical model. The failure of the physics based models likely shows that the assumptions made in their formation are not valid for these tests. In previous work with static voltage endurance time to breakdown tests, theory derived from these same assumptions matched data quite well [3] . In that study we showed that considering the ramp-up to the static waiting voltage did little to alter the predicted outcome. Here, each voltage step has the same duration in time. One could expect that at low voltages there is no significant change to the materials defect structure. However, at voltages near breakdown, new defects could be created or even annealed via local heating; this contradicts the assumption that each voltage step is independent of the others. The results of the current study for three of the four materials tested favor the model that breakdown is constant with respect to voltage ramp rate. More testing, especially at slower ramp rates (the most time consuming tests), would be helpful in testing the voltage ramp rate dependence of breakdown. Tests of similar ramp rates using different voltage steps and corresponding time increments would investigate the dependence of ∆ and ∆ in the physics based models. Also, better physical models, perhaps considering a dynamic defect density of states, are needed to describe the behavior observed.
